Summary Effects of 10 µM cadmium (supplied as Cd nitrate) on the utilization and allocation of iron (Fe) were investigated in poplar (Populus alba L.) plants grown in nutrient solution with Fe(III)-EDTA or Fe(III)-citrate as the Fe source. The effects of Cd were also compared with those of Fe deprivation. The accumulation of Fe in roots was 10-fold higher in plants grown with Fe-citrate than with Fe-EDTA. Cadmium decreased leaf chlorophyll concentrations and photosynthetic rates, and these decreases were more marked in plants grown with Fe-citrate than with Fe-EDTA. In both Fe treatments, addition of Cd caused large increases in root and shoot apoplasmic and non-apoplasmic Cd contents and increases in root Fe content; however, Cd decreased shoot Fe content, especially in plants grown with Fe-citrate. New leaves of plants grown with Fe-citrate had small cellular (non-apoplasmic) Fe pools, whereas these pools were large in new leaves of plants grown with Fe-EDTA. Non-apoplasmic Cd pools in new leaves were smaller in plants grown with Fe-citrate than with Fe-EDTA, indicating that inactivation of non-apoplasmic Cd pools is facilitated more by Fe-EDTA than by Fe-citrate. In the presence of Cd, Fe-EDTA was also superior to Fe-citrate in maintaining an adequate Fe supply to poplar shoots. Differences in plant responses to Fe-EDTA and Fe-citrate may reflect differences in long-distance transport of Fe rather than in acquisition of Fe by roots.
Introduction
The phytotoxicity of heavy metals such as nickel (Ni), cadmium (Cd), lead (Pb) and copper (Cu) is well known (Van Assche and Clijsters 1990, Fodor 2002) and is manifested as inhibition of plant growth (Titov et al. 1995) , nitrate assimilation (Hernández et al. 1997 ) and photosynthesis (Barceló et al. 1988 , Baszynski 1995, Larbi et al. 2002) , as well as disturbances in plant ion (Wallace et al. 1992 ) and water balances (Barceló and Poschenrieder 1990) . Many of these plant responses to heavy metals are a result of the inhibition of enzymatic activity caused by the binding of heavy metal ions to sulfhydryl groups in the active sites of enzymes and by substitution of essential metals (Van Assche and Clijsters 1990) . In addition, heavy metals may disturb plant mineral metabolism. For example, Cd disrupts iron (Fe) metabolism in plants (Wallace et al. 1992, Siedlecka and Krupa 1999) . The occurrence of Cd-Fe interactions is consistent with the finding that changes in thylakoid structure are similar in Cd-treated and Fe-deficient plants (Fodor et al. 1996 , Sárvári et al. 2000 including poplar (Sárvári et al. 2001) . Although the mechanism underlying Cd-induced Fe deficiency in plants has not been identified, there are several possible explanations. The root Fe-deficiency-inducible enzyme Fe(III)-chelate reductase is inhibited by Cd (Alcántara et al. 1994 , Chang et al. 2003 , suggesting that Cd may directly impair Fe acquisition. Also, Cd, which usually accumulates in roots (Simon 1998 , Zhang et al. 2000 , almost completely inhibits Fe translocation from roots to shoots, leading to increased root Fe concentrations in cucumber (Fodor et al. 1996) and mung bean (Liu et al. 2000) . Once in the apoplast, Cd may compete with other divalent metal ions such as Ca 2+ , Zn 2+ and Fe 2+ for binding sites and transport mechanisms (Clemens 2001) .
The effects of heavy metals on plants maintained in solution culture may be influenced by chelating agents supplied in the nutrient solution in the form of metal complexes (Wallace et al. 1992 , Fodor 2002 . Because inorganic Fe is insoluble at basic, neutral or slightly acidic pH, chelated iron is supplied to solution-cultured plants. However, metal chelates have different stability constants, leading to different solubilities, and modify the competition for binding sites in the root apoplast (Marschner 1995 , Varga et al. 1997 . In cucumber roots, about three times as much Fe is accumulated from Fe-citrate than from Fe-EDTA in both control and Cd-treated plants; however, Cd blocks Fe translocation to shoots in both cases (Fodor et al. 1996) . Iron is transported in the xylem as Fe-citrate (López-Millán et al. 2000) , suggesting that an external Fe-citrate supply may positively affect Fe transport. However, Cd had a greater impact on physiological measures of stress in plants grown with Fe-citrate compared with Fe-EDTA (Láng et al. 1998 , Sárvári et al. 1999 ). An explanation for this difference requires a more detailed understanding of the role of chelating agents in modifying cadmium toxicity.
The objective of our study was to identify possible allocation patterns by which Cd induces Fe deficiency in poplar plants grown with Fe-citrate or Fe-EDTA. We compared Fe utilization and distribution under conditions of Cd toxicity and Fe deficiency. The effects of Cd toxicity and Fe deficiency on plant growth, leaf chlorophyll concentrations and leaf photosynthesis were measured to estimate the degree of stress. We also determined Fe and Cd contents and their relative allocation (apoplasmic versus non-apoplasmic) in different plant parts under conditions of Cd toxicity and Fe deficiency. . Each plant was grown in a separate plastic pot containing 400 ml of nutrient solution. The 2-week treatments started 4 weeks after replanting, when the acclimated plants had developed 3-4 leaves of normal size. Plants were grown for 2 weeks in the presence or absence of 10 µM Cd as Cd(NO 3 ) 2 , and some plants were grown in the absence of both Cd and an Fe source (iron deprivation). Thus treatments comprised the following variations: Fe-EDTA, Fe-EDTA+Cd, Fe deprivation of plants precultured with Fe-EDTA, Fe-citrate, Fe-citrate+Cd and Fe deprivation of plants precultured with Fe-citrate. Two weeks later, samples were taken from leaves developed mainly before the start date of the heavy metal and iron deprivation treatments (old lower leaves) and from the four to six new leaves grown during the treatments (new upper leaves). Experiments were repeated two or three times with 3-5 replicates per treatment in each experiment.
Materials and methods

Plant material
Iron chemicals, chemical speciation and ion concentration measurements
Chemicals were obtained from Merck (Whitehouse Station, NJ). Nutrient solutions were supplemented with 10 µM Fe as either Fe-EDTA or Fe-citrate. The concentrations of different ion species in the culture solutions were estimated using MinteqA2 (US Environmental Protection Agency, Washington, DC) (Allison et al. 1991) software to ascertain metal (Fe and Cd) chemical species concentrations. Metal concentrations in the nutrient solutions were also measured directly by total reflection X-ray fluorescence spectrometry (TXRF) with an EXTRA IIA TXRF apparatus. The Fe content of the solid Fe-chelates was determined as described by Lucena et al. (1996) .
Separation of apoplasmic and non-apoplasmic metals
To estimate the apoplasmic and non-apoplasmic ion concentrations in leaves, 20 disks (8 mm in diameter) were cut from leaves with a cork borer. Leaf disks were vacuum-infiltrated in 15 ml of 10 mM Na 2 EDTA and 0.5 mM CaSO 4 for 60 min, and then shaken for 2 h to allow equilibration between the solution and the tissue. Following Becker et al. (1992) and Zhang et al. (1995) , we considered that the metals removed by this procedure had been located in the apoplasm. After drying at 80°C, the disks were analyzed for non-apoplasmic metals (i.e. localized inside the cells). Total metal concentrations in leaves were determined similarly but omitting the washing procedure. Apoplasmic metal concentrations were calculated as the difference between total and non-apoplasmic metal concentrations.
Roots were centrifuged between filter paper sheets at 300 g to remove traces of the nutrient solutions, and then transferred into 200 ml of 10 mM Na 2 EDTA and 0.5 mM CaSO 4 for 1.5 h to remove apoplasmic metals. After washing, roots were centrifuged again and then dried and analyzed for non-apoplasmic metals. The total ion concentrations in root samples were obtained similarly but the washing procedure was omitted. Apoplasmic metal concentrations were calculated as the difference between total and non-apoplasmic metal concentrations.
Ion concentrations in dried plant tissue samples were determined by TXRF after digestion in a microwave-assisted digestion system (MDS 2100 CEM) (Varga et al. 1997) . Plants grown in two independent experiments were assessed.
Chlorophyll concentration measurements
Chlorophyll (Chl) concentrations were determined spectrophotometrically in 80% acetone extracts (Porra et al. 1989) .
CO 2 fixation measurements
The rate of light-induced CO 2 fixation was studied in detached leaves, in an atmosphere containing 14 CO 2 in a sealed glass chamber with Hg-blockade according to the method of Láng et al. (1985) . The radioactivity of the samples was determined with a liquid scintillation spectrometer (Beckman LS5000TD).
Leaf area measurements
Leaf area was estimated by comparing the mass of 10 leaf disks of a known surface (7 mm in diameter each) to that of the whole leaf.
Optical microscopy observations
Roots were studied with the aid of a Hund H600 optical microscope (Hund, Wetzlar, Germany) at 100× magnification. Micrographs of roots were taken with a Nikon COOLPIX 950 digital camera (Nikon, Tokyo, Japan).
Fe(III)-reductase assay
To determine root ferric chelate reductase (FC-R) activity in poplar root tips, the formation of ferrous-bathophenantroline disulfonate) Fe(II)-BPDS 3 complex from Fe(III)-EDTA (Moog et al. 1995) was determined as described by Gogorcena et al. (2000) . Three to 10 root tips (0.5-1.0 cm long, total mass about 6 mg) were incubated in an Eppendorf tube in the dark with 1 ml of 10 mM MES, pH 6.0, containing 400 µM BPDS and 500 µM Fe(III)-EDTA. Absorbance at 535 nm was determined after incubation for 8-10 min and centrifugation.
Results and discussion
Metal speciation in nutrient solutions
Iron was added to the nutrient solutions as Fe(III)-EDTA or Fe(III)-citrate. These complexes are more stable than free Fe(III), which tends to precipitate at slightly acidic or neutral pH. Both compounds were analyzed to determine the exact amount of chelated Fe in the nutrient solution. Iron-citrate (Merck) contained 20% chelated Fe (theoretical amount 22.8%), and therefore the actual concentration of Fe-citrate in the nutrient solution was 8.77 µM instead of 10 µM. The Fe-EDTA compound had measured concentrations of 8.60 µM for total soluble Fe and 7.58 µM of Fe-EDTA. The small amount of soluble Fe unchelated with EDTA was likely precipitated quickly in the nutrient solution. Ion concentrations were also measured by TXRF. Differences between the calculated and measured concentrations of K + and Ca 2+ were small (Table 1) . For Fe and Mn, however, concentrations measured by TXRF were lower than the calculated values; the difference was 8-11% for Fe and 12-34% for Mn. In the case of Cd, measured concentrations were somewhat higher than calculated concentrations. The reason for these discrepancies is unknown.
In nutrient solutions supplemented with Fe-EDTA, 99% of the Fe was predicted to remain in the form Fe-EDTA -(Table 2). In the case of Fe-citrate, 96% of the Fe was predicted to occur chelated with citrate, 72% as Fe [CitOH] -and 24% as [Fe 2 Cit 2 (OH) 2 ] 2-( Table 2 ). The addition of Cd to the nutrient solution had little effect on the chemical speciation predicted for Fe. Ninety-three percent of the Cd was predicted to remain as free Cd 2+ , in the presence of either Fe-EDTA or Fe-citrate (Table 2) . Therefore, iron concentrations in the nutrient solution with or without Cd were similar in the presence of Fe-EDTA and Fe-citrate and most of the soluble Fe was chelated with EDTA or citrate.
Growth and Fe allocation in Fe-sufficient plants in the absence of Cd
Both Fe sources resulted in Fe-sufficient poplar plants of simi-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com IRON AND CADMIUM ALLOCATION IN CADMIUM EXPOSED POPLAR Table 1 . Calculated and measured cation concentrations in the nutrient solutions. Concentrations were calculated from the mass of chemicals added (in the case of iron (Fe) from the measured Fe-chelate concentrations) and measured by total reflection X-ray fluorescence spectrometry (TXRF) (mean ± SE, n = 3). Data in parentheses are the differences between calculated and measured cation concentrations expressed as a percentage of the calculated cation concentration.
Nutrient
Fe-EDTA (pH = 5.14) species on roots (see Table 1 ). Nevertheless, the amount of non-apoplasmic Fe in roots was also about three times higher in plants grown with Fe-citrate than with Fe-EDTA. Iron content of old leaves was similar with both Fe sources, but total Fe content in stems and in newly developed leaves was lower in plants grown with Fe-citrate than in plants with Fe-EDTA (Table 4). Furthermore, as shown in other plant species such as tomato (Becker et al. 1992 ) and cucumber (Varga et al. 2002) , a large part of leaf Fe was apoplasmic, confirming the existence of extra-cellular pools; approximately 53-54 and 75-76% of total Fe in old and newly developed leaves treated with both Fe sources, respectively, was apoplasmic (Table 4 ). These data suggest that more Fe could accumulate in the roots of plants grown with Fe-citrate than with Fe-EDTA, as found previously for cucumber (Fodor et al. 1996) .
Growth and Fe allocation in Fe-deficient plants in the absence of Cd
Iron deficiency decreased root and leaf growth, leaf Chl concentration and photosynthetic rate in plants pre-grown with Fe-EDTA, but had negligible effects on these parameters in plants pre-grown with Fe-citrate ( 
Growth and Cd allocation in Cd-treated plants
In general, Cd reduced plant growth, as has been found in previous studies (Barceló et al. 1988 , Titov et al. 1995 , Ewais 1997 . The effects of Cd depended on the form of Fe supplied in the nutrient solution. Cadmium did not affect root growth of plants grown with Fe-EDTA, whereas it significantly retarded root growth of plants grown with Fe-citrate (Table 3) . Cadmium also affected root morphology, resulting in a drastic decrease in the number of root hairs (Figure 1 ). Stem growth and new leaf growth were decreased in the presence of Cd independently of the Fe source, whereas Cd had less effect on leaf area and fresh mass of old leaves (Table 3) . Poplar plants accumulated large amounts of Cd in all organs: 1311 ± 69/2268 ± 89, 400 ± 11/747 ± 26, 430 ± 13/646 ± 16, 764 ± 23/1073 ± 34 µg Cd g DM -1 (mean ± SE, n = 6-10) (Fe-EDTA/Fe-citrate) in roots, stems, old and new leaves, respectively. The relative water content of new leaves was lower in plants grown with Fe-EDTA than with Fe-citrate (about 81.5 and 85.0%, respectively) and a similar but less marked TREE PHYSIOLOGY ONLINE at http://heronpublishing.com difference was observed in the other plant parts. Cadmium content in all plant parts was not significantly affected by the Fe source (Table 6 ). In roots of plants grown with either Fe source, almost half of the total Cd (40-45%) was apoplasmic. These data suggest that EDTA reduces root Cd concentrations compared with citrate on a dry mass basis, although the Cd load on both plant groups was similar. Srivastava and Appenroth (1995) found that, in plants following strategy I in Fe uptake (Marschner 1995) , EDTA prevents Cd accumulation in the root by forming a stable Cd-EDTA when it is released from Fe-EDTA following the reduction of Fe. For citrate it was found that its simultaneous application with Cd did not change Cd accumulation in the root and shoot (Senden et al. 1995) . It is well known that Cd forms a more stable complex with EDTA than with citrate. Approximately 85% of all Cd was apoplasmic in old leaves, whereas in newly developed leaves apoplasmic Cd was 71% of the total in plants grown with Fe-citrate and 58% in plants grown with Fe-EDTA. These data suggest that EDTA somehow facilitates the import of Cd to the symplasm in newly developed leaves, despite the relatively small effect of Cd on leaf Chl concentrations and photosynthetic rates ( Table 3 ). The uptake and breakdown of EDTA by plants has been previously documented Lloyd-Jones 1961, 1965) . Also the detoxification of Cd within the symplasm by the metal-binding compounds, phytochelatins, and its subsequent sequestration in the vacuole has been demonstrated (Sanitá di Toppi and Gabbrielli 1999) , showing that Cd ions in the symplasm can be more efficiently detoxified than those accumulated in the leaf apoplasm.
Fe allocation in the presence of Cd
The addition of Cd increased root Fe contents twofold in plants grown with Fe-EDTA and 16% in plants grown with Fe-citrate (Table 4) . Most of the Fe in roots of Cd-treated plants was apoplasmic as in the control plants (Table 4) . Cadmium tended to increase root Fe-reducing activity (from 2.7 ± 0.6 in the control, to 4.5 ± 1.0 nmol reduced Fe g FM -1 min -1 in the presence of 10 µM Cd, mean ± SE, n = 6, P > 0.05), whereas activity has been reported to be negatively affected by Cd in cucumber (Alcántara et al. 1994 ) and sugar beet (Chang et al. 2003) . However, increases in root Fe(III)-chelate reductase have been reported in Fe-sufficient, long-term Cdtreated sugar beet plants (Chang et al. 2003) . Differences not only among species but also among cultivars of the same species, plant age, treatment period, cultivation conditions or assay conditions could partially explain the various Cd effects reported (Ramos et al. 2002) .
Cadmium caused large decreases in the Fe contents of old leaves (43-56%), stems (69-74%) and new leaves, and in the latter case, Cd-induced Fe decreases were larger in plants grown with Fe-citrate (82%) than with Fe-EDTA (52%) (Table 4). This suggests that Fe-EDTA was more effective than Fe-citrate in maintaining Fe supply to developing leaves, and thereby protected photosynthetic function. Cadmium increased the allocation of Fe in the apoplasm in old leaves with both Fe sources and in young leaves of plants grown with Fe-citrate (Table 4) . Conversely, Cd decreased the apoplasmic allocation of Fe in new leaves in plants grown with Fe-EDTA ( Table 4 ), suggesting that Cd-treated plants grown with Fe-citrate have few pools of non-apoplasmic Fe available in new leaves, whereas Cd-treated plants grown with Fe-EDTA are able to maintain a supply of Fe within the symplasm.
Iron deficiency is frequently mentioned as one of the primary effects of Cd treatment (Wallace et al. 1992, Siedlecka and Krupa 1999) . In addition, photosynthetic parameters of Cd-treated poplar plants have been shown to be related to foliar Fe concentration (Sárvári et al. 2001) . We compared the effects of Cd with those caused by Fe deficiency in new leaves of plants grown with Fe-EDTA, and found that Cd caused more marked effects on leaf growth but less marked effects on leaf Chl concentration and photosynthesis (Table 3) . High leaf Cd contents in plants grown with Fe-EDTA had moderate effects on leaf Chl concentration and small effects on photosynthesis. This is possibly linked to reduced Fe demand as a result of reduced growth. In plants grown with Fe-citrate, Cd decreased root, stem and leaf growth (Table 3) . Furthermore, effects of Cd on leaf Chl concentration and photosynthetic rates were larger in plants grown with Fe-citrate than with Fe-EDTA ( Table 3 ), suggesting that Fe-citrate may amplify or Fe-EDTA may prevent the deleterious effects of Cd on the photosynthetic apparatus of poplar. Both EDTA (Piechalak et al. 2003) and citrate (Senden et al. 1995) Table 6 . Cadmium (Cd) allocation (µmol plant -1 ) in poplar plants treated with 10 µM CdNO 3 . Non-apoplasmic content refers to Cd remaining after EDTA washing. Plant total Cd content does not include the ions adsorbed on the apoplasm of roots that were removed by EDTA washing. Leaf data are for three old leaves developed before the Cd treatment and for four new leaves developed during treatment. Statistically different values in each row are indicated by different letters (P < 0.05; Duncan's test) (n = 6-10). 
